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ABSTRACT
With passing of the US Energy Independence and Security Act (EISA) of 2007,
there has been considerable research conducted on the sustainability of bioenergy crop
production in the United States; switchgrass has shown particular potential for
bioenergy production in East Tennessee. Many studies evaluating the environmental
impact switchgrass has on runoff and water quality use the Soil and Water Assessment
Tool (SWAT) for watershed modeling. Because SWAT is a lumped watershed model, it
evaluates the result of hydrological processes for each hydrologic response unit (HRU),
without accounting for the physical interactions between these HRUs. The Water
Erosion Prediction Project (WEPP) model is a physically derived, distributed watershed
model that can simulated runoff and sediment transport within the watershed,
accounting for the interactions that take place between these response units. This
research sought to calibrate both a WEPP and SWAT model to measured data
collected from a drainage basin in Lenoir City, Tennessee, an area known for growing
switchgrass for bioenergy. In addition, this research evaluated the use of buffer strips as
a sustainable approach to switchgrass implementation. Model calibration was evaluated
based on the Nash-Sutcliffe Efficiency coefficient, which evaluates the extent to which a
model reflects the measured data. Final discharge calibration yielded NSE coefficients
of -0.18 and -0.09 for SWAT and WEPP, respectively. Final sediment calibration for the
SWAT and WEPP models, however, could be calibrated to an NSE coefficient of -0.34
and -0.48, respectively. Calibration efforts failed, the WEPP model did outperform the
SWAT model for runoff calibration. In simulating bioenergy buffer strips (BBSs), the
WEPP model indicated that one or two strategically placed BBSs can have a 13%
reduction in runoff and sediment delivery per storm event; results suggests that
strategic use of bioenergy buffer strips can have improved reduction in runoff or
sediment yield. The improved calibration results of the WEPP model indicated that a
distributed hydrology and erosion model may be valuable for modeling water quality
impacts of switchgrass production in a watershed. Results also indicated the potential
for further investigation into how sediment transport is addressed in the SWAT and
WEPP models.
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INTRODUCTION
Conditions supporting sustainable bioenergy feedstock production vary across
regions based on physiographic landscape and climate characteristics; this is in addition
to market demands driven by available biofuel conversion techniques and co-product
manufacturing facilities (Pimentel and Krummel 1987, Graham 1994, Hohenstein and
Wright 1994, Bailey, Dyer et al. 2011, Dale, Kline et al. 2011, Langholtz, Graham et al.
2012, Dale, Efroymson et al. 2013, Ziolkowska 2013). As noted by Dale, et al.(2011),
several bioenergy crops are recommended for the Southeastern United States (US),
including switchgrass (Panicum virgatum L.), poplar (Populus spp.), sweetgum
(Liquidambar styraciflua), pine (Pinus spp.), tropical grasses, and sorghum (Sorghum)
(Sanderson, Reed et al. 1996, Joslin and Schoenholtz 1997, Walsh, de la Torre Ugarte
et al. 2003, Lemus and Lal 2005, Hubbard 2007, Blanco-Canqui 2010, Dale, Kline et al.
2011). In recent years, several studies have applied the Soil and Water Assessment
Tool (SWAT) to examine the potential effects of bioenergy cropland conversions on
water quantity and quality (Nelson, Ascough et al. 2006, Baskaran, Jager et al. 2010,
Sarkar, Miller et al. 2011, Einheuser, Nejadhashemi et al. 2012, Parish 2012, Wu and
Liu 2012). SWAT has been used as a watershed-scale model to assess land-use
effects on stream water quality by incorporating agricultural management practices into
crop growth projections (Di Luzio, Arnold et al. 2005, Douglas-Mankin, Srinivasan et al.
2010, Chiang, Chaubey et al. 2012). Modeled water quality parameters generally
consisted of total suspended sediment (TSS), total nitrogen (TN), and total phosphorus
(TP). Modeling studies using SWAT have compared switchgrass land cover to
traditional row crops (i.e., corn, cotton, corn-sorghum rotation, etc.), and results
consistently indicated that the switchgrass cover produces comparatively lower nutrient
and sediment loadings (Nelson, Ascough et al. 2006, Sarkar, Miller et al. 2011, Wu and
Liu 2012). In predicting the ability for switchgrass to improve water quality, it is
important that an appropriate model be selected; an appropriate model would be one
that accurately reflects the processes of the desired system, while meeting the
simulated/predicted output needs.
While the ability to simulate discharge, TSS, TN, and TP has made SWAT a
popular model for switchgrass simulations, it is important to note that SWAT is a lumped
model. One concern with using a lumped model to evaluate a watershed is that it
assumes a certain level of homogeneity in land cover and soil conditions, per hydrologic
response unit (HRU), that does not necessarily exist (Beven, Wood et al. 1988, Wood,
Sivapalan et al. 1988, Beven 1989, Bergström and Graham 1998, Van Rompaey,
Verstraeten et al. 2001, Muleta and Nicklow 2005). As a result, it is important to
evaluate whether a distributed model might provide more accurate simulation data. One
viable model that has not often been used for switchgrass simulations is the Water
Erosion Prediction Project (WEPP) model. One reason why WEPP is not often used for
switchgrass simulations is that it only yields discharge and total sediment load output,
but not nutrients. While WEPP may not be able to predict total nitrogen or total
phosphorus loads within the watershed, the distributed nature of WEPP has shown
potential to more accurately reflect the physical processes for erosion within the
1

watershed, thus yielding better calibration results for discharge and sediment transport,
when compared to SWAT (Amore, Modica et al. 2004, Shen, Gong et al. 2009, Maalim
and Melesse 2013). While these studies have shown the capability of WEPP to
outperform SWAT, there have been a limited number of direct comparisons between
SWAT and WEPP. Furthermore, the two models have not been compared in the context
of switchgrass land cover and crop production.
In order to improve management practices in the most sustainable manner, it is
useful to assess which model is the most appropriate for bioenergy crop production. In
the course of researching the impact switchgrass has on runoff and water quality,
several studies have indicated that vegetative buffer strips may be a suitable technique
for implementing switchgrass for bioenergy production (Ranney and Mann 1994, Kort,
Collins et al. 1998, Lee, Isenhart et al. 1998, Mersie, Seybold et al. 1999, Sanderson,
Jones et al. 2001, Mersie, Seybold et al. 2006, Shepard 2006, Blanco-Canqui 2010,
Christen and Dalgaard 2013). Geza, et al. (2009) suggests that switchgrass buffer strips
have a comparable influence on sediment reduction as targeted field conversions, while
Sahu and Gu (2009) suggests that the reduction in nitrate from a switchgrass buffer
strip is related to the spatial characteristics (location, size) of the buffer strip (Sahu and
Gu 2009). Many of the modeling simulations utilized for these bioenergy buffer strips
(BBSs), however, were conducted using the SWAT model. As a result, modeling results
were unable to evaluate the impact that switchgrass buffer strips had on the individual
hillslopes.
The research presented in chapter one compares the results of an attempt to
calibrate both a WEPP and SWAT model to fit data collected from a tributary of Fork
Creek in Lenoir City, Tennessee, known to drain runoff from switchgrass fields. Chapter
two consists of an evaluation of various BBS strategies and their influence on a
hillslope. Results were simulated using a hillslope from the calibrated WEPP model in
chapter one.

2

CHAPTER I:
SWAT VERSUS WEPP: A COMPARISON OF WATERSHED MODELS
EVALUATING WATER QUALITY FOR SWITCHGRASS CROP
PRODUCTION IN EAST TENNESSEE
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Abstract
In East Tennessee, switchgrass has shown potential as a bioenergy feedstock.
Numerous modeling efforts have utilized the Soil and Water Assessment Tool (SWAT)
to investigate the environmental benefits in growing switchgrass, namely a reduction in
nutrients and sediment. Despite past modeling success, there is a need to evaluate
whether the SWAT model is the most appropriate tool for watershed simulation. In this
study, the Water Erosion Prediction Project (WEPP) model and SWAT model were used
to simulate runoff from a drainage area in Lenoir City, Tennessee; models were
calibrated to collected data collected from the drainage basin, using the Nash-Suttcliffe
Efficiency (NSE) coefficient as the calibration metric. Final discharge calibration yielded
NSE coefficients of -0.18 and -0.09 for SWAT and WEPP, respectively. Final sediment
calibration for the SWAT and WEPP models, however, could be calibrated to an NSE
coefficient of -0.34 and -0.48, respectively. These coefficients showed that the WEPP
model outperformed the SWAT model in calibrating discharge, but performed less than
the SWAT model when simulating sediment transport. While model calibration was
unsuccessful, these efforts indicate a need for further investigation into how sediment
transport is addressed in the SWAT and WEPP models, and whether the two models
can be linked.

Introduction
Sustainable bioenergy crop production considers both socioeconomic and
environmental factors, which include water quality of rivers and streams and the
potential effects from land-use conversions to bioenergy crops (Blanco-Canqui 2010,
McBride, Dale et al. 2011, Dale, Efroymson et al. 2013). While it is possible to evaluate
their influences on water quality at the hillslope, or plot scale level, it can be much
harder to characterize how bioenergy crop production can alter water quality at the
watershed level. Computerized watershed models can serve as valuable tools for
evaluating these impacts. In recent years, several studies have applied the Soil and
Water Assessment Tool (SWAT) to examine the potential effects of bioenergy cropland
conversions on water quantity and quality (Nelson, Ascough et al. 2006, Baskaran,
Jager et al. 2010, Sarkar, Miller et al. 2011, Einheuser, Nejadhashemi et al. 2012,
Parish, et al 2012, Wu and Liu 2012). SWAT is used as a watershed-scale model to
assess land-use effects on stream water quality by incorporating agricultural
management practices into crop growth projections (Di Luzio, Arnold et al. 2005,
Douglas-Mankin, Srinivasan et al. 2010, Chiang, Chaubey et al. 2012). Modeled water
quality parameters generally consist of total suspended sediment (TSS), total nitrogen
(TN), and total phosphorus (TP). Modeling studies using SWAT have compared
switchgrass land cover to traditional row crops (i.e., corn, cotton, corn-sorghum rotation,
etc.), and results consistently indicate that the switchgrass cover produces
comparatively lower nutrient and sediment loadings (Nelson, Ascough et al. 2006,
Sarkar, Miller et al. 2011, Wu and Liu 2012).
4

Einheuser, et al. (2012) was able to calibrate the SWAT model for switchgrass
production, based on a Nash-Sutcliff Efficiency (NSE) greater than 0.50, and a root
mean square error (RMSE) less than or equal to 0.70. The NSE coefficient is a value
used to assess the level to which a hydrological model can accurately reflect the
observed data (Moriasi, Arnold et al. 2007). An NSE value of 1.0 represents a perfectly
accurate model, while a value of 0 suggests that the model is only as accurate as the
mean of the observed data. Sarkar, et al. (2011) was also able to successfully calibrate
a SWAT model to depict measured nutrient runoff on a plot scale, showing that
switchgrass had a net improvement in nitrogen loss of 84-90%, over a 14-year
simulation period. In the study conducted by Baskaran, et al. (2010), the SWAT model
was used to evaluate sustainable ecoregions for switchgrass production; their results
indicated that the eastern US yielded higher potential for crop production (Baskaran,
Jager et al. 2010). These result would later provide support for the Biomass Location for
Optimal Sustainability Model (BLOSM), produced by Parish, et al (Parish, et al 2012).
Modeling work by Parish et al. (2012) found favorable water quality conditions with
switchgrass production compared to grain crops for the Lower Little Tennessee
watershed, reducing the nutrient load by as much as an order of magnitude (Parish, et
al 2012). Overall, decreases in nutrient and sediment loads have been explained by the
reduced land disturbance and fertilizing operations resulting from a long-term perennial
grass such as switchgrass (Hohenstein and Wright 1994, Cook and Beyea 2000,
Tolbert, Todd et al. 2002, Sanderson and Adler 2008, Parish, et al 2012, Wu and Liu
2012). In many cases, these indications for improved water quality stem from calibrated
watershed model predictions. In predicting the ability for switchgrass to improve water
quality, it is important that an appropriate model is selected; an appropriate model would
be one that accurately reflects the processes of the desired system, while meeting the
simulated/predicted output needs.
As noted previously, a popular model for simulating switchgrass as a bioenergy
feedstock is SWAT. SWAT is a modeling tool developed by the United States
Department of Agriculture (USDA) and Texas A&M University to simulate land use
impacts on stream water quality (Di Luzio, Arnold et al. 2005, Douglas-Mankin,
Srinivasan et al. 2010, Chiang, Chaubey et al. 2012). A popular version of this tool is
ArcSWAT, the version that integrates into ArcGIS. This version of SWAT allows for the
user to input a digital elevation map (DEM), soil class map, and land-use map for
modeling. Once these files are loaded into the model, SWAT has a watershed
delineation tool that evaluates the DEM to create a slope map, and then delineate the
different catchments within the watershed; each catchment culminates in a singular
gaging station. In order to better account for the heterogeneity of the different
catchments, individual hydrologic response units (HRUs) are developed for each unique
combination of soil class, land use, and slope for a desired watershed (Arnold 2012).
SWAT then applies the Modified Universal Soil Loss Equation (MUSLE) and the Soil
Conservation Service (SCS) Curve Number Method to each HRU; the resultant runoff
and pollutant export from each HRU is then summed at each gaging station (Arnold
2012).
5

When there are multiple gaging stations within a watershed, the cumulative
runoff and pollutant load is progressively summed as the model progresses through the
watershed. Model output is based on a response to either user generated rainfall data,
or from the SWAT weather generator (Arnold 2012). This output is in the form of runoff
volume, total suspended sediment load (TSS), or nutrient (TN, TP) load (Arnold 2012).
It is important to note that each HRU is a function of the spatial resolution of the data
set; the coarsest resolution serves as the minimum spatial size of each HRU. As a
result, variations within a single HRU are lumped into a singular HRU output, without
accounting for the physical processes that those variations may alter; these variations
can also result in a change in runoff or water quality from the HRU. Because the model
output for each HRU is calculated independently, and summed at the respective gaging
station, model output is also limited by the resolution of the data files used.
One concern with using a lumped model to evaluate a watershed is that it
assumes a certain level of homogeneity in the HRU that does not necessarily exist
(Beven, Wood et al. 1988, Wood, Sivapalan et al. 1988, Beven 1989, Bergström and
Graham 1998, Van Rompaey, Verstraeten et al. 2001, Muleta and Nicklow 2005).
Bergstrom, et al. (1998) and Wood, et al. (1988) both discuss this assumed
homogeneity as they evaluate the representative elementary area (REA) found in
lumped models; both suggest that the scale of the REA will greatly influence the shape
of the sub-catchments, and thus the runoff response (Wood, Sivapalan et al. 1988,
Bergström and Graham 1998). It should be noted that an HRU has the same function as
an REA for the SWAT model. A visual explanation of the lumped vs distributed model
can be found in the Appendix.
Because SWAT does not account for the physical processes and interactions
that take place between HRUs, there is potential for inaccurate model output or
prediction; these inaccuracies can result in poor model calibration results. Despite these
potential obstacles, the ability to predict TN and TP, in addition to TSS and runoff,
makes SWAT a very popular model for bioenergy production. Despite the benefit of
yielding discharge, TSS, TN, and TP output, SWAT is a lumped model and thus
neglects the heterogeneity within HRUs; the model does not account for the physical
processes and land-use interactions that might augment the volume, rate, sediment, or
nutrient content of the watershed discharge traveling through multiple HRUs. As a
result, it is important to evaluate whether a distributed model might provide more
accurate simulation data, based on a comparison with measured data.
One model that has not often been used for switchgrass simulations is the Water
Erosion Prediction Project (WEPP) model. WEPP is a physically derived, distributed
model that utilizes rainfall, elevation, soil characteristics, and land cover to simulate the
runoff from a hillslope or watershed (Ascough, Baffaut et al. 1995, Flanagan, Ascough
et al. 1995). These predictions are made through the use of continuity equations. One
reason why WEPP is not often used for switchgrass simulations is that it only yields
discharge and total sediment load (Borah, Yagow et al. 2006). Because there is also
concern for the nutrient loads found in runoff from land covers with bioenergy crops,
WEPP is not always the preferred model. Additionally, WEPP was originally developed
to simulate drainage areas peaking at 260 hectares. It should be noted, however, that
6

Dermisis, et al. (2010) have had success calibrating and validating a WEPP model for
drainage areas as large as 2600 hectares (26 km2), with coefficients of determination
(R2) values ranging from 0.81-0.93 (Dermisis, Abaci, et al 2010). While WEPP may not
be able to predict total nitrogen or total phosphorus loads within the watershed, the
distributed nature of WEPP has shown potential to more accurately reflect the physical
hydrology and erosion processes within the watershed, thus yielding better calibration
results for discharge and sediment transport, when compared to SWAT.
A select number of studies have sought to directly compare WEPP and SWAT,
as well as WEPP and RUSLE. WEPP consistently yields model output (discharge,
sediment load) that reflects observed data, more accurately than SWAT or RUSLE;
model drainage areas ranged from 4.6E-3 to 6.6E4 hectares (Bhuyan, Kalita et al. 2002,
Amore, Modica et al. 2004, Renschler and Lee 2005, Shen, Gong et al. 2009, Maalim
and Melesse 2013). When Shen, et al. (2009) directly compared SWAT and WEPP,
conducting calibration and validation efforts for runoff and sediment loads, WEPP
consistently yielded a higher degree of accuracy, suggesting that the distributed nature
of the WEPP model was better equipped for managing the runoff interaction with the
soil; the RMSE value for the WEPP and SWAT models were approximately 0.011 and
0.020, respectively. The deviation for the WEPP and SWAT models ranged from 9-11%
and 4-11%, respectively (Shen, Gong et al. 2009). Likewise, WEPP outperformed
SWAT, when evaluated using the Nash-Sutcliffe Efficiency (NSE) coefficient, with
WEPP yielding an NSE approximately 0.84 and SWAT yielding 0.70 (Shen, Gong et al.
2009). Maalim and Melesse (2013) found similar results, with WEPP accounting for as
much as 80% of the variability found in SWAT surface runoff and sediment yield
predictions (Maalim and Melesse 2013). While these two studies indicate that WEPP
may outperform SWAT, there is still a need to compare these models in the context of
bioenergy crop production. If WEPP is truly a better model for calibrating/predicting
runoff and sediment transport from a watershed, compared to SWAT, then there is a
need to reevaluate how bioenergy crop production is modeled for water quality.
The objective of this research was to compare the ability to calibrate a WEPP
and SWAT model, in the context of bioenergy crop production, with measured data.
SWAT and WEPP models were calibrated to reflect measured runoff and total
suspended sediment (TSS) data collected from Fork Creek in East Tennessee, an area
in the Ridge and Valley physiographic province where switchgrass is native and has
been grown as a bioenergy feedstock. Five percent of this watershed was composed
entirely of switchgrass, while an additional five percent of switchgrass was grown with
other range grasses. Calibration results were then used to evaluate the critical
parameters required for model calibration, as well as model accuracy for watershed
simulations.
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Materials and Methods
Study Area
A WEPP and SWAT model were generated to reflect a small watershed in East
Tennessee. This watershed was a 2nd-order tributary of Fork Creek, located in Lenoir
City, as illustrated by Figure 1. The characteristics of this watershed are typical for the
Ridge and Valley physiographic province of eastern Tennessee, consisting of
Dandridge and Fullerton soils. These soils have a high percentage of shaly, silty loam
and belong to hydrologic soil classes B and D. The climate of the region is mild with an
annual temperature range of 8.8-21.3oC and an average of 15.1oC. There is
approximately 125.5 cm of precipitation per year with minimal amounts as snow during
winter months (Arguez, Durre et al. 2012). A summary of the area, slope, and landcover for the drainage area can be found in Table 1 and Table 2. Note that the primary
land cover for this watershed is forest land.

Ü

Legend
Reach
Basin
Watershed
LongestPath

0

0.225

0.45

0.9 Miles

Sources: Esri, HERE, DeLorme, TomTom, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS,
NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong),
swisstopo, MapmyIndia, © OpenStreetMap contributors, and the GIS User Community, Esri, HERE,
DeLorme, TomTom, MapmyIndia, © OpenStreetMap contributors, and the GIS user community

Figure 1. Fork Creek Watershed and sampling location, located in East Tennessee
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Table 1. Drainage area, slope, and soil characteristics of the Fork Creek
watershed in East Tennessee.
Area
(ha)

247.4
7

Slope
Percen
% of
t Slope Watershe
d
0-2
8.71

Soil (NRCS 1995)
Hydrologi
Texture
c Group

Code

Name

TN11
0

Fullerton

B

2-5

25.72

TN12
8

Dandridg
e

D

>5

65.57

--

--

--

ChertySilt Loam,
ChertySilty Clay
Loam,
ChertyClay
Silty
Loam,
Shaly,
Silty Clay,
Weathere
d Bedrock
--

% of
Watershe
d
30.2

69.8

--

Table 2. Land-use characteristics of the Fork Creek watershed, based on the
2012 Crop Data Layer (CDL) dataset, summarized per hectare and % area per
study watershed (USDA-NASS (acessed {May 30 2013}; verified {May 27 2014})).
Land Use
Corn
Soybean
Double Wheat and Soy test
Alamo Switchgrass
Water
Residential
Forest-Deciduous
Forest-Evergreen
Forest-Mixed
Range-Brush
Range-Grasses
Hay
Double soybean oats
Southwestern US (Arid) Range

Fork Creek
Area [ha] % Watershed
0.33
0.05
0.20
0.03
1.24
0.2
29.72
4.86
0.78
0.13
38.81
6.35
286.94
46.92
26.53
4.34
5.10
0.83
0.39
0.06
18.02
2.95
201.90
33.02
0.35
0.06
1.24
0.20
9

Sample Collection and Analyses
Daily water samples were collected from the Fork Creek watershed sites with the
use of ISCO 6712 automated samplers. Stage was continuously recorded, in 15-minute
intervals, with GlobalWater vented stage recorders, illustrated in Figure 2. Sampling
started in the summer of 2012, finishing two years later in summer of 2014.

Figure 2. ISCO 6712 automated sampler and GlobalWater Stage Recorder on the
Fork Creek sampling site

All samples were tested for total suspended solids (TSS), total nitrogen (TN), and
total phosphorus (TP). TSS analysis was conducted in accordance with ESS Method
340.2, filtering and drying the samples, while TN and TP tests were conducted using
Hach Methods 10071 and 8190, respectively. To calculate a stream survey was
conducted upstream and downstream of the sampling location; this information was
then loaded into HEC-RAS and stage discharge curves developed for each site. These
stage-discharge curves, combined with the stage data from the GlobalWater stage
recorders, allowed for the calculation of the discharge data for the site. Air temperature
and precipitation data for the study area was obtained for a climate station in Lenoir City
from NOAA National Climatic Data Center (NOAA 2015).
SWAT Model Setup
SWAT model setup for the watershed was developed using ArcSWAT 2012, a
version of SWAT that integrates into ArcGIS. This process involved loading digital
elevation maps (DEMs) into ArcSWAT and delineating watersheds. Due to the need to
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specify watersheds in SWAT, the sampling location was manually added to define the
drainage area. Soil and land-use databases were then utilized to determine HRUs
(Arnold 2012). Individual HRUs were developed for each unique combination of soil
class, land use, and slope class. In cases where the HRU areas were negligible, the
HRUs were reclassified to simplify the model; this clustering allowed for faster model
performance without a significant impact on output. For the purpose of this modeling
operation, a 10-m DEM file was used, combined with the Natural Resources
Conservation Service (NRCS) State Soil Geographic (STATSGO) database and 2012
Crop Data Layer (CDL) from the United States Department of Agriculture (USDA)
(Mckay 2012, USDA-NASS (acessed {May 30 2013}; verified {May 27 2014})).
Watershed boundaries encompassed switchgrass fields and followed National
Hydrography Dataset Plus (NHD+) catchments, as shown in Figure 3.

Ü
Sampling
Land Location
Use
Corn
Double Soy
Double Wheat Soy
Forest, Deciduous
Forest, Evergreen
Forest, Mixed
Hay
Rangeland Brush
Rangeland
Soybeans
Switchgrass
Southwestern Range
Urban, High Density
Urban, Low Density
Urban, Medium Density
Water

0

0.175

0.35

0.7 Miles

Sources: Esri, HERE, DeLorme, TomTom, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS,
NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong),
swisstopo, MapmyIndia, © OpenStreetMap contributors, and the GIS User Community

Figure 3. SWAT model rendering of the Fork Creek Watershed, showing different
land-use characteristics.
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SWAT land-cover and switchgrass land-use management input values,
consistent with those utilized by Parish et al. (2012), were utilized for the Fork Creek
watershed model (Parish, et al 2012). The curve number (CN) and Revised Universal
Soil Loss Equation (RUSLE) C-factor used for the switchgrass management inputs were
found to be consistent with field measurements taken in East Tennessee (Hayes 2014).
Climate data was acquired from NOAA National Climatic Data Center (NOAA 2015). A
climate monitoring station located in Lenoir City was selected, due to the completeness
of temperature and precipitation data. Other weather parameters regarding solar
radiation and wind were generated from the built-in Climate Generator (CLIGEN)
(Arnold 2012). With the exception of crop/land management inputs for switchgrass, as
defined in Table 3, default model parameters were used. For switchgrass, fertilizers
were applied based on the plant nutrient demand such that when the plant’s nutrient
stress caused growth to fall below 75% of potential growth, phosphorus and nitrogen
fertilizers were applied. Phosphorus fertilizers were applied every year and nitrogen
fertilizers were applied from the 3rd year. Nitrogen fertilizers were not applied in the
establishment years of switchgrass to discourage weed growth (Garland 2008).
Switchgrass was harvested annually, with 80% harvesting efficiency, as is consistent
with the literature (IBSS 2014, Baskaran, Jager et al. 2010).

Table 3. Switchgrass management practices utilized in SWAT model simulations
Length of
Rotation (Years)
Tillage Operation
Fertilization

Harvest

Switchgrass
10
None
When the plant nutrient stress falls below 0.75, up to 44.8
kilograms per hectare of elemental phosphorus are applied
every year of growth and up to 87.4 kilograms per hectare of
nitrogen fertilizer are applied every year from the 3rd year.
(Baskaran, Jager et al. 2010, Parish, et al 2012)
Harvest occurs annually with 80% efficiency. (Baskaran,
Jager et al. 2010, Parish, et al 2012)

SWAT Model Calibration
For the purpose of this research, the SWAT Calibration and Uncertainty
Procedures (SWAT-CUP) tool was utilized to calibrate the SWAT model to reflect the
measured discharge data, sediment load, and nutrient load. The premise for this
approach was that discharge can influence sediment detachment and transport. If there
were nutrients (phosphorus, nitrogen) bound to the soil, these values may vary with the
sediment load. A sensitivity analysis was conducted on the parameters considered to
have the greatest influence on discharge.
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Due to the nature of the SWAT-CUP calibration tool, it was only possible to
calibrate based on the HRU, reach, or sub-basin (Abbaspour 2007). In order to
calibrate to the measured data, collected from a reach, SWAT-CUP had to be calibrated
on the reach-scale. For this analysis, each parameter was varied one at a time, while
keeping the others constant (Abbaspour 2007). These “sensitive” parameters were then
manipulated in an attempt to optimize the model output to match the field collected data.
SWAT-CUP was utilized to generate calibration statistics, evaluating the accuracy with
which the SWAT model output matches the observed data (Abbaspour 2007). To
complete this, a SUFI-2 calibration approach was selected; when calibrating
parameters, this approach considers the percentage of the data accounted for by the
uncertainty of the prediction
WEPP Model Setup
WEPP model setup for this watershed was accomplished utilizing GeoWEPP, the
ArcGIS interface for WEPP modeling. Because GeoWEPP allows for the use of GIS
files (DEMs, Soils, and Land-Use), the WEPP model was generated using the same
DEM, STATSGO, and CDL files used in ArcSWAT; utilizing the same GIS files, allowing
for improved comparison of the GeoWEPP and ArcSWAT model output. It should be
noted that GeoWEPP has the capability of modeling runoff and erosion under both a
watershed and hillslope scenario. Under the watershed scenario, WEPP acts as a
lumped hydrologic model, utilizing a singular soil and land-use type is selected as a
representative input for the entire sub-catchment; this is a very efficient method of
modeling large-scale watersheds that can determine the relative contribution of runoff
and sediment in each hillslope (Minkowski and Renschler 2008). When a higher
resolution is required, the linear pathways method is preferred; this method maintains
the spatial distribution and diversity of the soil and land-uses, thus allowing for the
identification of primary sediment sources within a particular hillslope (Minkowski and
Renschler 2008).
For the purposes of this research, model calibration/validation was completed
using the flow path scenario. During model set-up, soil parameters were augmented to
reflect those found in the SWAT soil database. Because the Dandridge soil type is not
part of the original WEPP soil database, this soil classification was created manually.
The parameters for the Dandridge soil, including composition, soil layer depths, initial
water content, etc. were developed from the SWAT soil database, as well as from the
NRCS State Soil Survey (NRCS 2014). For initial model development, hydraulic
conductivity, critical shear stress, and erodibility were generated by the WEPP model.
Several of these variables were then manually calibrated, as indicated in Table 12 in the
Appendix.
Crop characteristics were also updated to reflect the SWAT model settings.
Augmenting these crop characteristics to match the SWAT model allowed for reduced
variability between models, thus insure that differences in calibration/validation output
are based in differences in modeling approach (i.e. lumped versus distributed
simulation). All crop types utilized the default rotation practices for planting and
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harvesting, found within the WEPP and GeoWEPP database to reflect their equivalent
practices in SWAT.
It should be noted that the land management practice for water was stripped of
all characteristics, such that it would represent a permanent water land cover. While hay
was harvested three times per year, all other crops experienced an annual plant and
harvest rotation; this was consistent with the SWAT model default management files.
Forested land covers were simulated with a 20 year, perennial forest. The land
management practice for water was developed by taking the grass rotation and stripped
of all characteristics, such that it would represent a permanent water land cover.
Permeability and land cover characteristics were updated within the grass, grass lawn,
and pavement profiles to approximate the relative variation in pervious surfaces for
urban development.
Because there is not a switchgrass crop type in WEPP, one was created. The tall
blue stem grass was the selected default crop type, due to the fact that it shares the
same family as switchgrass. Several crop parameters were then updated to reflect the
switchgrass characteristics found in SWAT, as noted in Table 11, in the Appendix. This
crop profile was then saved as a separate, switchgrass file. To generate the climate file
for GeoWEPP, a weather parameter file was created using the Parameter-elevation
Relationships on Independent Slopes Model (PRISM), which is integrated into WEPP.
This parameter file was derived from the same NOAA 14 weather data spanning from
January 1st, 2010 through December 31st, 2014, to generate the WEPP climate file.
WEPP Model Calibration
To calibrate WEPP, the first step was to import the weather data from the Lenoir
City weather gage directly into the GeoWEPP model; data spanned from January 1st,
2010, through December 31st, 2014. The next step was to calibrate for the sediment
yield. Sediment yield calibration was completed by manually evaluating various soil and
land-cover parameters to determine those with the greatest influence on the sediment
load. Initial WEPP simulations for the Lenoir watershed allowed for the WEPP model to
determine the hydraulic conductivity, erodibility, and critical shear stress.
In the course of calibration, the erodibility, critical shear stress, and hydraulic
conductivity were each altered to evaluate their impact on model calibration; the
hydraulic conductivity proved to be the parameter that influenced model output the
most, based on the relative change in sediment and runoff yield over time. Additional
evaluation of the initial saturation level of the soil also proved to have a significant
influence on the runoff and sediment yield. While the critical shear stress did not greatly
impact total runoff, it did have a significant influence on the total sediment yield. The
hydraulic conductivity and initial soil saturation level were both augmented to reflect the
values listed in the NRCS Soil Survey, as noted in Table 12 of the Appendix (NRCS
2014). The critical shear stress was varied on a spectrum from 1 through 6, as was
consistent with previous studies (Dermisis. Abaci, et al 2010). Additional manipulation
of the critical shear stress outside of this range was then employed to improve model
comparison to the observed data. These values were then varied, with multiple
iterations of the model. Because the measured data was collected from April 2012,
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through June 2014, the simulation period from January 2010 through March 2012
served as a model “warm-up” period.
Statistical Analyses
The model output was evaluated using the Nash-Sutcliffe Efficiency (NSE). The
NSE coefficient is a value used to assess the level to which a hydrological model can
accurately reflect the observed data (Moriasi, Arnold et al. 2007). An NSE value of 1.0
represents a perfectly accurate model, while a value of 0 suggests that the model is as
accurate as the mean of the observed data. If the NSE is a negative value, then the
variance of the model is far greater than the variance of the observed data; the
magnitude of a negative NSE is inversely proportional to the accuracy of the model. The
NSE coefficient is automatically generated via the SWAT-CUP program. Because there
is not a calibration tool in WEPP, the NSE coefficient was generated manually, using
Microsoft Excel.
While the NSE was the primary statistical comparison between the models and
the measured data, root mean square error (RMSE) and percent deviation (Re) were
also calculated, to serve as a metric for how well the models were able to match the
measured data. Finally, the variance of the model output was computed.

Results
SWAT Model Results
Upon the collection of the measured data, the daily discharge data was overlaid
with the daily precipitation data, as shown in Figure 4. It should be noted that there is
little stream response to storm events that occurred in the early fall of 2013. This is
likely due to the presence of a sluice gate, located upstream of the sampling site. During
this period in time, the gate was closed to flood a particular field. It should also be noted
that there are gaps in the data collected from the sampling period. During these times,
the land owner would use the property to hunt and access to the site was prohibited.
Upon completion of the SWAT model, SWAT-CUP was run using SUFI-2
calibration. As a part of this calibration, the curve number (CN), base flow, alpha factor,
and the soil evaporation compensation (ESCO) factors proved to be highly influential in
the calibration output. The CN, which is a lumped model parameter that accounts for
soil permeability, land use, and antecedent soil water, showed a recommended 18%
reduction. The groundwater delay represents the difference between the water exiting
the soil and entering a shallow aquifer. The base flow alpha factor and ESCO reflect the
groundwater flow response to recharge and the soils evaporation demand, respectively.
Calibration results for these parameters can be found in Table 4.
It should be noted that only the discharge and sediment calibration results are
presented, as those are the model output consistent between both the SWAT and
WEPP models. In all calibration efforts using SWAT-CUP, the calibrated NSE was
consistently negative, indicating that the model could not accurately reflect the
measured data (Moriasi, Arnold et al. 2007).
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Figure 4. Precipitation versus measured volumetric discharge from the Fork
Creek Watershed.
Table 4. Calibrated SWAT model parameters for the Fork Creek Watershed
Parameter

Description

CN2

Initial SCS CN II
value

Alpha_bf

Base flow alpha
factor (days)
GWDELAY Groundwater
delay (days)
ESCO
Soil evaporation
compensation
factor
.

Initial
Final
Old
distribution distribution Parameter
value
Relative
Relative
varies
change of - change of 0.2 to 0.2
0.37 – 0
0-1
-0.48 - 0.51 0.048
0 - 500
0-1

-176.89 –
274.39
-0.69 - 0.10

Parameter
value
18%
decrease
0.0215

31

48.75

0.95

0
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As indicated in Table 5, the best NSE coefficient for discharge was found to be 0.18, while the optimized NSE coefficient for TSS was found to be -0.38.
Table 5. Statistical performance of the SWAT model calibration
Variable
FLOW_OUT_5
TSS_5

NSE
RMSE
Re
R2 (variance)
-0.18
0.18 39.26
0.26
-0.38 102.07 99.83
0.39

WEPP Model Results
Because WEPP output is generated in terms of a daily total volume (m3) and total
sediment yield (kg), the observed data was converted into these terms. Once converted,
the NSE was computed for total sediment and total volume. Because WEPP model
output was generated from weather data, it did not account for the initial base flow in the
stream. As a result, a base flow adjustment of 3700 cubic meters per day was added to
model output. Again, the NSE values came out negative, suggesting that the WEPP
model could not accurately reflect the observed data. Because the calibration for this
model is not automated, alterations in soil parameters were completed manually. In
calibrating the WEPP model, altering the hydraulic conductivity, initial saturation level,
and critical shear stress had a significant influence on the model output. Table 12, in the
Appendix, shows the different values used for these parameters, while Table 6 depicts a
comparison of the output. It should be noted that the NRCS values for hydraulic
conductivity and saturation level resulted in the most accurate WEPP modeling output
for runoff, while the highest critical shear stress, 40 Pa, resulted in the most accurate
WEPP modeling output for sediment yield.

Table 6. Mean and standard deviations for the measured data, compared to the
WEPP model outputs, each per day

Mean
Standard
Deviation

Observed
Runoff
Volume TSS
(m3)
(kg)
8340.9
629.9
14428.6

2945.4

Model Defined
Best Calibrated
Runoff
Runoff
volume Sediment volume Sediment
(m3)
yield (kg) (m3)
yield (kg)
303.9
5816.1 4125.1
783.8
998.5

47209.9

1361.6

2083.0

When the model was utilized to determine hydraulic conductivity and critical
shear, combined with the model default for initial saturation level, the sediment
discharge was greater than the observed data, while the runoff volume was much less.
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When using the best calibrated model, adjusted for base flow, the mean runoff was
much closer to the observed data. Although still high, the sediment yield was reduced to
being within 200 kilograms of the mean observed sediment load. Figure 5 illustrates the
sediment contribution per hillslope for the best calibrated model.

Figure 5. WEPP model simulation of the Lenoir Watershed, indicating extremely
low levels of sediment leaving the drainage area.

It should be noted that the best model calibration was that reflecting the NRCS
Soil Survey for hydraulic conductivity and initial soil saturation; this calibration also
utilized a critical shear stress much larger than the range proposed in the WEPP
manual. Despite the significant differences between the model output and the observed
data, the manually defined hydraulic conductivity and initial saturation level did improve
the model calibration and accuracy, as shown in Table 8 and Table 9. When allowing
the model to determine the hydraulic conductivity, as well as using the default initial
saturation level, the model performed much worse than when these values were
calibrated. The accuracy of the model increased by nearly 66%, when evaluating total
runoff. In evaluating the total sediment, model performance improved by several
magnitudes of difference.
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Table 7. Statistical performance of WEPP for simulating runoff, comparing model
and manually defined hydraulic conductivity and initial saturation levels

Model Default
Calibrated

NSE
-0.30
-0.09

Runoff (m3/day)
RMSE
Re
16431.1
96.24
15310.54
50.53

R2 (variance)
0.30
0.09

Table 8. A statistical evaluation of how the WEPP model performed simulating
observed total sediment (kg) loads per day. This is a comparison of the WEPP
defined hydraulic conductivity and initial saturation levels versus the calibrated
results.

Model Default
Calibrated

NSE
-280.5
-0.48

Sediment (kg/day) reduced
RMSE
Re
R2 (variance)
48371.1
872.36
280.20
3576.3
24.43
0.50

This output can be explained by the limitations of the WEPP model, itself. The
WEPP model evaluated each storm event independently, not accounting for any
changes that might have occurred from a hiatus within a storm event (Stone, Lane et al.
1995). If a storm event were to take place over the course of multiple days, then the
WEPP model would not have updated the saturation level or hydraulic conductivity to
reflect the continuity of the storm; the model does not account for the residual moisture
from previous storm events. Likewise, the WEPP watershed model is unable to account
for variable, partial area response or return flow (Stone, Lane et al. 1995). As a result,
the model may not have accounted for partial infiltration or flow routing that occurred
along the hillslope, itself. In regards to sediment transport, it is important to note the
differences between a suspended and total sediment load. The WEPP model output
reflected the total sediment leaving the drainage area, while the observed data reflects
only the average suspended sediment load. As a result, it is important to recognize that
the WEPP model included bed load sediment transport in the sediment load
calculations, while the observed data did not.
Model Comparisons
In a direct comparison of the two models, neither proves to be an adequate
representation of the Fork Creek watershed. In both cases, the NSE coefficients are
negative, suggesting that the mean of the observed data has the same accuracy as the
watershed models. A comparison of the measured and model outputs can be found in
Figure 6 and Figure 7, below. Notes that discharge and TSS values were converted to
total volume and total sediment loads, respectively.
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Figure 6. Comparison of the observed data, WEPP, and SWAT model outputs for
total volume per day for Fork Creek, Tennessee.

Figure 7. Comparison of the observed data, WEPP, and SWAT model outputs for
total sediment per day, for Fork Creek, Tennessee
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Despite the fact that neither model could be accurately calibrated, there is still
tremendous value in comparing the calibration results. In comparing the SWAT and
WEPP models, Table 12 and Table 13 show that the WEPP model calibrated the
stream discharge better than the SWAT model, each yielding an NSE coefficient of 0.09 and -0.18, respectively.

Table 9. Comparison of the statistical performance of WEPP and SWAT, regarding
runoff volume simulation.

SWAT
WEPP

Total Runoff Volume (cubic meters)
NSE
Re
R2 (variance)
-0.18
39.26
0.26
-0.09
50.53
0.09

Table 10. Comparison of the statistical performance of WEPP and SWAT,
regarding total sediment simulation

SWAT
WEPP

Total Sediment (kg)
NSE
Re
R2 (variance)
-0.38
99.83
0.39
-0.48
24.43
0.50

While WEPP was able to calibrate the discharge out of the watershed better than
the SWAT model, it did not perform as well in calibrating for sediment. In comparing the
SWAT and WEPP models, the SWAT model was able to calibrate to sediment with an
NSE value of -0.34, while the WEPP model was able to calibrate to a value of -0.48,
which is only slightly lower. It should be noted, however, that the NSE coefficient is very
sensitive to extreme values in the data (Moriasi, Arnold et al. 2007). Because there are
several extreme events, during which sediment yield in the WEPP model is
exceptionally high, the accuracy of the NSE may be reduced. In removing the five
modeling results with greater than 8,000 kilograms of total sediment results in a
significantly improved NSE coefficient of -0.10. This change in the NSE would suggest
that there is a potential range of hydrologic events, for which the WEPP model is most
accurate.

Discussion
The fact that neither model could be calibrated may be explained by several
factors. Because many land management practices within the watershed were
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unknown, many factors that could influence the volume and water quality of the streams
could not be accounted for. While the models were updated to reflect the influence of a
sluice gate located directly upstream of the sampling station, they did not account for
any other potential impoundments, irrigation, fertilization, land use conversions, etc.
upstream. Calibration results may improve, if the models can be updated to reflect these
various upstream characteristics and land management practices.
While neither the SWAT nor WEPP model could be accurately calibrated, the
results of the calibration effort proved to be very insightful. If the NSE value for each
model calibration is used to indicate the extent to which the model reflects the
measured data, then those models with the most positive NSE may be considered more
accurate than those with much lower NSE values. Utilizing the NSE in this manner, the
difference in NSE coefficients between the lumped SWAT model and the distributed
WEPP model highlight the fact that the land-use interactions within a drainage area can
have a significant influence on water and sediment transport. Because WEPP is a
physically derived model, it had greater sensitivity to land-use changes within the
watershed. The fact that the WEPP model only yielded a total sediment load did add a
level of difficulty, when calibrating to TSS data. As discussed previously, observed data
did not account for bed-load sediment transport.
Despite the fact that neither model could be calibrated, the combined results of
the calibration effort offers the potential for future research. While WEPP showed a
better calibration statistic for the discharge, the SWAT model showed a significantly
better calibration for the sediment transport through the watershed. If the extreme
transport events are removed from the WEPP model, however, it proves to better reflect
the measured data than the SWAT model does. This would lend support to the
suggestion by Shen, et al. (2009) that the WEPP approach to sediment be used in the
SWAT model, rather than MUSLE (Shen, Gong et al. 2009). While this would require
reprogramming of the SWAT model program itself, another approach would revolve
around creating a composite data set. If a WEPP model can be calibrated to reflect the
observed data, then the model output might be used to create a hybrid data set. Future
research should investigate whether this hybrid model theory would allow for the SWAT
model to calibrate past the flow and sediment calibration stages, thus allowing for
improved nutrient testing.
In addition to utilizing a composite dataset to combine the models, additional
research should revolve around the infiltration and runoff variables used in both SWAT
and WEPP. When calibrating the SWAT model, a critical variable was the hydrologic
curve number. This is a lumped variable used to represent runoff, based on soil
characteristics and land use. Likewise, the hydraulic conductivity is used in the WEPP
model as a lumped variable to represent all surface infiltration. If these two variables
can be resolved between the two models, then there is the potential for improved
calibration, or provide a way to link the two models. Both the WEPP and SWAT models
are useful for simulating or predicting the runoff quality and quantity discharging from a
watershed. If the best aspects of each model can be combined, then there is
tremendous potential for an improved watershed model.
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Appendix

Figure 8. Visual representation of a lumped hydrologic model. Each square
represents a representative elementary area (REA). Lumped models function by
calculating the result of hydrologic and erosion processes, attributing the total
sum of the effects at the watershed outlet point. These models do not account for
any interactions between the REAs. Note that the REA is a function of scale, not
necessarily accounting for heterogeneity occurring within each REA unit.
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Figure 9. Visual representation of a distributed hydrologic model. Each square
represents a representative elementary area (REA). Distributed models function
using continuity equations, where the output from one REA serves as the input
for the next, downslope REA. These models are able to account for interactions
between the REAs may result in changes in hydrologic or erosion responses.
Note that the REA is a function of scale, not necessarily accounting for
heterogeneity occurring within each REA unit.
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Table 11. Comparison of crop parameters for bluestem grass and switchgrass. Values that differ indicate where
the switchgrass profile was updated to reflect values found in the SWAT database.
Bluestem Grass
Plant Growth and Harvest Parameters
Biomass energy ratio
15
Growing degree days to emergence
30
Growing degree days for growing season
0
In-row plant spacing
0.6
Plant stem diameter at maturity
0.5
Height of post-harvest standing residue; cutting height
15.2
Harvest index (dry crop yield/total above ground dry biomass)
90
Temperature and Radiation Parameters
Base daily air temperature
10
Optimal temperature for plant growth
25
Maximum temperature that stops the growth of a perennial crop
30
Critical freezing temperature for a perennial crop
0
Radiation extinction coefficient
0.65
Canopy, LAI and Root Parameters
Canopy cover coefficient
5
Parameter value for canopy height equation
5
Maximum canopy height
100
Maximum leaf area index
6
Maximum root depth
100
Root to shoot ratio (% root growth/% above ground growth)
33
Maximum root mass for a perennial crop
0.26

Switchgrass

Units

0.0047
30
0
0.6
0.5
15.2
90

kg/MJ
Degrees C.days
Degrees C.days
cm
cm
cm
%

12
25
30
0
0.33

Degrees C
Degrees C
Degrees C
Degrees C

5
5
250
6
220
33
0.26

cm
cm
%
kg/sq.m

25

Table 12. Hydraulic conductivities and initial saturation levels for Fullerton and Dandridge soil types, tested for
model calibration
Soil
Parameter

Model
Defaults:
NRCS
Values:
Additional
Tested
values

Hydraulic
Conductivity
(in/hr)
Model Defined

Fullerton
Initial
Saturation
Level
70

1.3

Dandridge
Initial
Saturation
Level
70

Hydraulic
Conductivity
(in/hr)
Model Defined

20

Critical
Shear
Stress
Model
Defined
NA

0.65

16

Critical
Shear
Stress
Model
Defined
NA

2.6

45

1

1.30

45

1

0.65
-----

90
-----

4
6
10
30
40

0.32
-----

90
-----

4
6
10
30
40
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CHAPTER II:
WEPP MODELING OF BIOENERGY CROP BUFFER STRIP
STRATEGIES FOR SUSTAINABLE SWITCHGRASS IMPLEMENTATION
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Abstract
With the establishment of the United States Energy Independence and Security
Act (EISA) of 2007, the United States set an objective to generate 36 billion gallons of
biofuel per year. With the establishment of a cellulosic biofuel refinery in East
Tennessee, there has been a growing demand for the land conversion of conventional
crops in the region to switchgrass. In the pursuit of cultivating switchgrass for bioenergy,
several studies have suggested the use of bioenergy buffer strips (BBSs) as an
environmentally sustainable approach to switchgrass production. A WEPP model was
developed to simulate the influence of various BBS strategies on runoff and sediment
delivery from a hillslope located near Lenoir City, Tennessee; strategies varied based
on the number and location of the BBSs on the hillslope (top, middle, and bottom). Upon
testing different BBS configurations, it was determined that the strategic placement of
one or two BBSs in the middle or top of the hillslope would result in the greatest
reduction in runoff and sediment delivery by nearly 13%, each. The model output for
these strategies were consistently lower than the runoff and sediment delivery values
for complete field conversion to switchgrass, suggesting strategic BBS placement as a
viable means for switchgrass production integrated with a multiple use agricultural
strategy.

Introduction
The US Energy Independence and Security Act (EISA) of 2007 set an objective
to generate 36 billion gallons/year of biofuel (Hohenstein and Wright 1994). In order to
meet this program goal, land-use conversion to bioenergy crops and change in land
management are needed for adequate biomass supply (Hohenstein and Wright 1994,
Ranney and Mann 1994, Kort, Collins et al. 1998, McLaughlin and Kszos 2005). The
United States Department of Agriculture (USDA) projects that the long growing season
and ecological diversity of the Southeastern US will enable it to produce half of the 22
billion gallons of cellulosic biofuel mandated by EISA (IBSS 2014). As a result of these
projections, there has been a significant effort to evaluate how various implementation
strategies may impact the sustainability for bioenergy crop production.
While pursuing the use of switchgrass for bioenergy, several studies have
indicated that bioenergy crops, such as switchgrass, can be used as vegetative buffers
adjacent to traditional row crops as an innovative implementation strategy (Ranney and
Mann 1994, Kort, Collins et al. 1998, Lee, Isenhart et al. 1998, Mersie, Seybold et al.
1999, Sanderson, Jones et al. 2001, Mersie, Seybold et al. 2006, Shepard 2006,
Blanco-Canqui 2010, Christen and Dalgaard 2013). Wilson et al. (2011) was able to
show that sediment quality in runoff from switchgrass plots were similar to that found in
vegetative grass strips, commonly used in best management practices (BMPs); this
observation is consistent with other studies that indicate bioenergy crops can serve as
effective buffer strip BMPs (Lee, Isenhart et al. 1998, Mersie, Seybold et al. 1999,
Sanderson, Jones et al. 2001, Dabney, Shields et al. 2004, Mersie, Seybold et al. 2006,
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Moorman, Kovar et al. 2007, Sahu and Gu 2009, Blanco-Canqui 2010, Wilson, Cruse et
al. 2011, Yao, Yang et al. 2013).
Sahu and Gu (2009) used SWAT to show that placing a switchgrass buffer strip
in the middle of a hillslope can result in a greater reduction in nitrate than placing the
buffer strip at the bottom of the hill, and strips composing of 10-30% of the total
drainage area had the most efficient nitrate reduction (Sahu and Gu 2009). In a study by
Geza, et al. (2009), SWAT simulations of switchgrass buffer strips again showed
improvement in water quality in the form of reduced sediment loads; however, this
improvement was not as substantial as converting entire fields (Geza, Barfield et al.
2009). Geza, et al. (2009) suggests that switchgrass buffer strips have a comparable
influence on sediment reduction as targeted field conversions, while Sahu and Gu
(2009) suggests that the reduction in nitrate from a switchgrass buffer strip is related to
the spatial characteristics (location, size) of the buffer strip (Sahu and Gu 2009). While
Geza, et al. (2009) found that the buffer strip width should be proportional to the field,
the relative impact of varying the buffer strip size was relatively small (Geza, Barfield et
al. 2009). Sahu and Gu (2009) attempted to determine if strategic buffer strip placement
may reduce nitrate, and while Geza, et al. (2009) compared the use of a buffer strips to
reduce sediment, there has not yet been an effort to combine these two focuses. This
research aims to evaluate whether the strategic placement of bioenergy crop buffer
strips (BBSs) can result in the same reduction in sediment or runoff as an entire field
conversion to switchgrass in the southeastern region of the United States. To
accomplish this, a case study involving BBS strategies was simulated for a hillslope
located in East Tennessee. The Water Erosion Prediction Program (WEPP) model was
used to simulate how placement of multiple buffers strips, varying along a hillslope,
influenced runoff and sediment transport; results were then compared to simulated fullfield conversion.

Materials and Methods
Study Area
To study the impact that strategic BBS implementation has on sediment, a
hillslope was selected from a small drainage basin in East Tennessee. This drainage
basin is a 1st-2nd order tributary of Fork Creek, located in Lenoir City, as illustrated by
Figure 10. The characteristics of this watershed are typical for the Ridge and Valley
physiographic province of eastern Tennessee, consisting of Dandridge and Fullerton
soils. These soils have a high percentage of shaly, silty loam and belong to hydrologic
soil classes B and D, as noted in Table 1. The climate of the region is mild with an
annual temperature range of 8.8-21.3oC and an average of 15.1oC. There is
approximately 125.5 cm of precipitation per year with minimal amounts as snow during
winter months (Arguez, Durre et al. 2012).
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Figure 10. Fork Creek Watershed and sampling location, located in East
Tennessee
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Model Setup
The Water Erosion Prediction Project (WEPP) model was selected for BBS
simulation. WEPP is a physically derived, distributed model that utilizes rainfall,
elevation, soil characteristics, and land cover to simulate the runoff from a hillslope or
watershed (Ascough, Baffaut et al. 1995, Flanagan, Ascough et al. 1995). WEPP
model setup for this watershed was accomplished utilizing GeoWEPP, the ArcGIS
interface for WEPP modeling, after which all hillslope simulations were completed within
WEPP, itself. The initial hillslope simulation, based on the GeoWEPP input data, served
as the control scenario against which all other simulations were compared.
Because switchgrass is not found in the WEPP land-use database, a switchgrass
profile was created. The Tall Blue Stem grass was selected as the baseline crop type,
due to the fact that it shares the same family as switchgrass. Crop characteristics were
then augmented to reflect those found with switchgrass; this approach is similar to the
approach used by Rachman, et al (2008). Upon creating the switchgrass crop type, the
next step was to define management operations. Fertilizers were applied based on the
plant nutrient demand such that when the plant’s nutrient stress caused growth to fall
below 75% of potential growth, phosphorus and nitrogen fertilizers were applied.
Phosphorus fertilizers were applied every year and nitrogen fertilizers were applied from
the 3rd year. Nitrogen fertilizers were not applied in the establishment years of
switchgrass to discourage weed growth (Garland 2008). Switchgrass was harvested
annually, with 80% harvesting efficiency, as is consistent with the literature (IBSS 2014,
Baskaran, Jager et al. 2010).
In the hillslope scenario model, the land use was converted entirely to
switchgrass. Upon completion of the complete field conversion scenario, a series of
seven simulations were completed to evaluate various buffer strip implementation
strategies, as indicated in Table 14, below. Note that low placement is at the bottom of
the hillslope, middle is in the center, and high is the area at the top of the hillslope. All
buffer strips were set at a consistent width of 10% of the hillslope, allowing for BBSs to
compose of 10-30% of the hillslope, which was consistent with previous studies (Sahu
and Gu 2009).
Table 13. Switchgrass buffer strip strategy simulations
Simulation
Original
BBS1
BBS2
BBS3
BBS4
BBS5
BBS6
BBS7
SG Full

Number of Buffer Strips
0
1
1
1
2
2
2
3
0

Location of Buffer Strips on the Hillslope*
NA
Low (L)
Middle (M)
High (H)
(L, M)
(L, H)
(M, H)
(L, M, H)
100% Switchgrass
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To generate the climate file for the model, a weather parameter file was created
using the Parameter-elevation Relationships on Independent Slopes Model (PRISM),
which is integrated into WEPP. This climate file was then coupled with weather data
acquired from NOAA National Climatic Data Center (NOAA 2015). A weather monitoring
station located in Lenoir City was selected, due to the completeness of temperature and
precipitation data spanning from 2010 through 2014. The ability for each BBS strategy
to reduce sediment and runoff was then simulated for this 5-year period. Default model
output for runoff and sediment delivery was in the form of millimeters and kilograms per
meter, respectively.
Statistical Analyses
Upon completion of the model simulations, IBM SPSS program v.22 was used to
complete the statistical analyses of the data. Because the sediment and runoff data
could not be normally distributed, the Friedman test was utilized to evaluate whether
there was any statistically significant difference between the BBS strategies and either
the original land use, or a complete field conversion to switchgrass. A Wilcoxon-Signed
Rank test was then utilized to evaluate which BBS strategies were significantly different
from the original land-use, as well as the complete field conversion to switchgrass.

Results
Upon developing the onsite erosion profile with the GeoWEPP model, illustrated
in Figure 11, a hillslope contributing to significant sediment transport was selected for
BBS simulation. The selected hillslope had an initial land-use of hay, with a Dandridge
soil type. The slope length was 373.7 feet, with a 46.7 foot change in elevation.
Because the slope was relatively constant, buffer strips were placed at the top, bottom,
or center of the hillslope. Simulated buffer strips were 37.4 feet in width, spanning the
length of the hillslope. Upon completion of the hillslope BBS simulations, output was
summarized based per event. A summary of the runoff and sediment are presented in
Table 15 and 16.
In evaluating how the BBS strategies influenced runoff volume and sediment
delivery, the results could not be transformed to achieve a normal distribution. As a
result, a Friedman test was utilized to evaluate if there was a significant difference
amongst the various strategies. The results of this test suggested that there was a
significant variation, yielding a p-value < 0.05 for both model outputs for runoff and
sediment yield. The Wilcoxon-Signed Ranks test was then used to compare each
treatment strategy with the original land use, as well as compare each BBS strategy to a
complete land-cover conversion to switchgrass (Appendix). The results of this test
indicated that each BBS strategy had a significant difference in runoff volume from the
original land use; BBS1 was the only strategy to show no significant difference in runoff
from a complete field conversion to switchgrass.
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Figure 11. Sediment deposition map for the Fork Creek watershed, with the
selected hillslope for BBS testing.
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Table 14. Summary of BBS simulation results for total runoff (mm) over the five year simulation period
Runoff (mm)

Max
Mean
Standard Deviation
Sum

Original BBS1 BBS2 BBS3 BBS4 BBS5 BBS6 BBS7
42.6
42.6
42.6
42.5
42.6
42.5
42.5
42.6
3.39 3.12
2.94
3.02
2.85
2.90
3.01 3.07
4.43 4.34
4.19
4.39
4.12
4.30
4.32 4.30
958.2 973.7 908.4 914.6 937.8 911 927.1 956.4

100%
Switchgrass
42.6
3.57
4.62
1153

Table 15. Summary of BBS simulation results for total sediment delivery (kg/m) over the five year simulation
period
Sediment Load (kg/m)

Max
Mean
Standard Deviation
Sum

Original
11.6
0.27
0.94
77.6

BBS1 BBS2
11.7
11.5
0.26
0.24
0.9
0.90
80.9
74.1

BBS3
11.6
0.24
0.90
73.6

BBS4
11.6
0.23
0.86
75.4

BBS5
11.7
0.23
0.89
73.7

BBS6
11.5
0.24
0.88
73.7

BBS7
11.6
0.23
0.86
73.3

100%
Switchgrass
11.1
0.33
1.14
107.2
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In evaluating the total sediment yield, BBS1, BBS5, and BBS7 were the only
strategies that did not significantly differ from the original hay land use. When compared
to a complete field conversion to switchgrass, BBS1 was the only bioenergy crop buffer
strategy that did not show a statistically significant difference in sediment yield.
Inspection of the modeling results revealed that the BBS2 strategy yielded the lowest
total runoff over the five year simulation period, while BBS7 showed the lowest total
sediment delivery over the total simulation period. Although BBS7 showed the greatest
reduction in total sediment yield, it did not show a significantly different behavior, when
compared to the original land use. This would indicate that BBS7 had a similar sediment
yield for each storm to which there was a response, although BBS7 did not respond to
as many individual storm events. Because BBS2 had a statistically significant difference
from the original land-use, in both runoff and sediment delivery, this would be
considered the best strategy.
It is important to note that complete field conversion to switchgrass did yield the
highest runoff and sediment yield totals over the five year simulation period. The
increased sediment yield and runoff for the complete field conversion can be explained
by the temporal scale of the model. Because the crop management involved defining
specific days of the year for harvest, it is possible that the date and relative area of land
disturbance contributed to the increased runoff and sediment delivery. Blanco-Canqui
(2010) suggests that the land disturbance from harvesting switchgrass may contribute
to sediment and nutrient loss from a hillslope (Blanco-Canqui 2010). In addition to land
disturbance, it has also been shown that the benefits of switchgrass on the soil and
hillslope stabilization may take up to 15 years to reach its full potential (Bharati, Lee et
al. 2002, Blanco-Canqui 2010). These crop and land management characteristics could
explain why the complete switchgrass field conversion yielded an increase in runoff and
sediment delivery.
When implementing a BBS strategy, the best performing strategies were those
consisting of a BBS located in the middle or top of the hillslope. The best strategy,
BBS2, was a singular buffer strip, located in the center of the hillslope. These results
are consistent with the findings of Sahu and Gu (2009), who determined that 10-20% of
hillslope conversion would yield the most efficient benefit in runoff quality (Sahu and Gu
2009).

Discussion
The purpose of this research was to evaluate whether selective bioenergy buffer
strip implementation could yield the same, or improved, runoff and sediment reduction
on a hillslope as converting the entire field to that bioenergy crop. WEPP was used to
determine that the strategic use of one or two BBSs, amounting to a conversion of 1020% of the hillslope, could result in a greater reduction in the runoff and sediment
delivery. Because WEPP is a physically derived, distributed model, it was possible to
evaluate how the specific placement of the BBS influenced the runoff and sediment
delivery per storm event. Statistical analyses indicated that the greatest reduction in
runoff and sediment load resulted from BBS strategies that did not significantly differ
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from a complete field conversion. These results thus indicate that selective BBS
strategies may be a useful way to implement switchgrass, without converting the entire
hillslope.
While this study was able to gain better insight into how different BBS strategies
could impact the runoff and sediment delivery, it also highlights the opportunity for
further research. Past studies have shown that switchgrass can serve as a viable
feedstock for vegetated buffer strips (Geza, Barfield et al. 2009, Sahu and Gu 2009).
While these studies indicated that switchgrass buffer strips had potential, they were
conducted using the SWAT model; the SWAT model lumps all buffer strip influences
into a singular land operation coefficient, applied to a specified land-use in the
watershed. There was an inherent limitation in this approach, in that the SWAT model
does not account for the land-use interactions that take place between the hillslopes
and the bioenergy buffer strips. Future research should be conducted to evaluate
whether the distributed nature of the WEPP model can be utilized to improve the buffer
strip module found in the SWAT model. This improvement would require calibrating both
a WEPP and SWAT model to accurately simulate and predict runoff from a drainage
area containing bioenergy buffer strips; upon calibration, it might be possible to develop
a relationship between the WEPP and SWAT models, thus allowing for improvements to
be made upon the buffer strip module found within SWAT.
This study focused solely on the impact different BBS strategies would have on a
singular hillslope, with a singular land-use. Future efforts should expand on this
research to include a comparison of bioenergy buffer strips, varying in buffer strip
feedstock, hillslope land-use, hill-slope shape (concave, convex, straight), soil type, and
climate event. In addition, future BBS research should include an evaluation of different
land management approaches, particularly with regards to land disturbances, such as
crop harvest. Finally, future research efforts should include an economic analysis of
using buffer strips for bioenergy crop production. While this research has been
conducted in the context of runoff volume and sediment delivery, it is necessary to
evaluate the economic implications of utilizing BBSs. In particular, future research
should compare the costs and benefits of BBS management and harvest with those of
complete field conversion to bioenergy crops. Combining this economic analysis with
the research on environmental impact of BBS implementation would then allow for a
much more thorough understanding of how sustainable bioenergy buffer strips truly are.
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Appendix
Table 16. . Results of the Friedman test, suggesting that there is a significant
difference in the total runoff per storm event for each of the nine simulated
strategies
N
Chi-Square
df
Asymptotic
Significance

280
1359.1
8
0.000

Table 17. Pairwise comparison of original land-use to each BBS strategy, as well
as a pairwise comparison of each BBS strategy to 100% field conversion to
switchgrass for total runoff volume for each storm event.
Pairwise Comparison
Simulation 1
Simulation 2
BBS1
BBS2
BBS3
BBS4
Original Land-Use (100%
BBS5
Hay)
BBS6
BBS7
100 %
Switchgrass
BBS1
BBS2
BBS3
100% Switchgrass
BBS4
BBS5
BBS6
BBS7

Significance
p-value
0.013
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.340
0.092
0.000
0.000
0.000
0.000
0.000
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Table 18. Results of the Friedman test, suggesting that there is a significant
difference in the sediment load per storm event for each of the nine simulated
strategies
N
Chi-Square
df
Asymptotic
Significance

280
21.773
8
0.005

Table 19. Results of the Wilcoxon-Signed Ranks test, comparing the sediment
delivery from the original land-use to the various BBS implementation strategies,
as well as the comparison of each BBS strategy to a complete field conversion to
100% switchgrass.
Pairwise Comparison
Simulation 1
Simulation 2
BBS1
BBS2
BBS3
BBS4
Original Land-Use (100%
BBS5
Hay)
BBS6
BBS7
100 %
Switchgrass
BBS1
BBS2
BBS3
100% Switchgrass
BBS4
BBS5
BBS6
BBS7

Significance
p-value
0.052
0.032
0.025
0.038
0.097
0.015
0.113
0.505
0.301
0.003
0.022
0.000
0.018
0.009
0.041
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CONCLUSION
The purpose of this research were two-fold. One objective was to evaluate
whether a distributed model, such as the WEPP model, would be more suitable for
bioenergy crop modeling than the commonly used SWAT model. While WEPP showed
a better calibration statistic for the discharge, the SWAT model showed a better
calibration for the sediment transport through the watershed. In narrowing the storm
threshold for the WEPP model, the NSE calibration statistic was much improved. These
results lend support to the suggestion by Shen, et al. (2009) that the distributed WEPP
model might be used to improve the SWAT model (Shen, Gong et al. 2009). The
second objective was to evaluate whether strategic BBS placement could have the
same reduction in runoff and sediment delivery as complete field conversion. WEPP
was used to determine that the use of one or two BBSs, amounting to a conversion of
10-20% of the hillslope, could result in a greater reduction in the average runoff and
sediment delivery. Because WEPP is a physically derived, distributed model, it was
possible to evaluate how the specific placement of the BBS influenced the runoff and
sediment delivery per storm event. While the results from this research were
independently interesting, the combined implications of the results are even more
interesting.
Chapter one showed that WEPP was able to better calibrate to runoff discharge
than the SWAT model. If a calibrated WEPP model can accurately replicate measured
data, then there is an opportunity to utilize that model to fill gaps within the data set; by
filling gaps in the data, there is the potential for improved SWAT calibration. In addition
to the potential for creating a composite data set, there is also the opportunity to
research variables that drive both the WEPP and SWAT model. A critical variable in the
SWAT calibration was the hydrologic curve number, which represents infiltration and
runoff based on land use and soil characteristics. Likewise, the hydraulic conductivity,
initial saturation level, and critical shear stress were key parameters for calibrating the
WEPP model; these variables are also utilized to reflect surface infiltration and sediment
detachment. If a correlation can be made between the variables driving both WEPP and
SWAT, there is potential for creating a link between the two models. Finally, there is an
opportunity to link the WEPP and SWAT models through buffer strips. SWAT currently
uses a buffer strip module to develop a singular coefficient to represent the impact of
buffer strips on a watershed. As a result, there would be tremendous value in the using
the distributed WEPP model to improve this lumped variable module in SWAT.
The second chapter of this research sought to evaluate whether the strategic
placement of bioenergy crop buffer strips could have the same, or improved, reduction
in runoff and sediment delivery as a complete field conversion to the selected bioenergy
crop. . The model output for these strategies were consistently lower than the runoff and
sediment delivery values for complete field conversion to switchgrass, suggesting
strategic BBS placement as a viable means for switchgrass production integrated with a
multiple use agricultural strategy. Because WEPP is a physically derived, distributed
model, it was possible to evaluate how the spatial placement of the linear corridor would
influence runoff and sediment delivery.
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The combined results of these two chapter indicate just how important it is to
evaluate the tools utilized for watershed monitoring. While the SWAT model is a popular
model for watershed modeling, particularly with bioenergy crop production, it is
important that the model limitations are fully understood. Because the SWAT model
uses lumped parameters and equations, the heterogeneity of the watershed can be
neglected. Using a distributed model, such as WEPP, has the potential for improving
upon these model simulations. Future research efforts can be targeted towards finding a
way to link these two models to improve the general calibration of each. Emphasis can
be put towards using WEPP to either create a supplemental data set for SWAT
calibration. Additionally, efforts can be made to augment the SWAT sediment modeling
approach to mirror the process driven WEPP model approach. Should these
opportunities be seized, there is the potential for improved watershed modeling and
better simulation of the physical system.
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